served after stimulation with the endogenous mediators IL-4 and IL-13. This process required phosphatidylinositol 3-kinase and was associated with protein kinase B phosphorylation in Paneth cells . Flow cytometric analysis confirmed expression of the IL-13 receptor α1 on isolated Paneth cells. Our findings identify a novel role of IL-13 as inducer of Paneth cell degranulation and enteric antimicrobial peptide release. IL-13 may thus contribute to mucosal antimicrobial host defense and host microbial homeostasis.
Introduction
Antimicrobial peptides represent a large family of evolutionary conserved small cationic molecules with broad range antibacterial, antiviral and antiprotozoal activity. These peptides can be divided into distinct families based on the amino acid sequence and secondary structure, and exhibit marked differences in their anatomical distribution, regulation and antibacterial spectrum [1] . In the small intestine, Paneth cells situated in the gland-like crypts secrete large quantities of antimicrobial peptides in
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Intestine · Antimicrobial peptide · Interleukin-13 · Paneth cell · Intestinal crypts Abstract Paneth cell-derived enteric antimicrobial peptides significantly contribute to antibacterial host defense and host-microbial homeostasis. Regulation occurs by enzymatic processing and release into the small intestinal lumen, but the stimuli involved are incompletely understood. Here, the capacity of various microbial and immune stimuli to induce antimicrobial peptide release from small intestinal tissue was systematically evaluated using antibacterial activity testing, immunostaining for Paneth cell granules and mass spectrometry . We confirmed the stimulatory activity of the muscarinic receptor agonist carbachol and the nucleotide-binding oligomerization domain ligand muramyl dipeptide. In contrast, no release of antibacterial activity was noted after treatment with the Toll-like receptor ligands poly(I:C), lipopolysaccharide or CpG, and the cytokines interleukin (IL)-15, IL-22, IL-28 and interferon-γ. Rapid Paneth cell degranulation and antimicrobial activity release, however, was ob-addition to enzymes such as lysozyme and phospholipase A2, and the antibacterial lectin RegIIIγ [2] [3] [4] . Humans express two α-defensins, HD5 and HD6, encoded in two genomic copies per diploid genome [5] . Mouse Paneth cells express a large number of α-defensins (also named cryptdins) as well as a related family of the so-called cryptdin-related sequence (CRS) peptides [3, 6, 7] .
Mice lacking Paneth cells or Paneth cell-derived antimicrobial peptides exhibit an enhanced susceptibility to infection [8, 9] . Conversely, transgenic expression of the human defensin HD5 by mouse Paneth cells confers enhanced resistance towards oral infection [10] . In addition to antibacterial host defense, Paneth cell-derived antimicrobial peptides also contribute to mucosal homeostasis and maintenance of the enteric microbiota [11] . Reduced α-defensin production has been associated with the translocation of commensal bacteria into the subepithelial tissue in mice and ileal Crohn's disease patients [12] [13] [14] . A number of conditions such as reduced activity of the transcription factor Tcf4 [15] , lack of innate immune stimulation [16] , endoplasmic reticulum stress or impaired Paneth cell survival/differentiation as a consequence of mutations in ATG16L1 or caspase 8 were associated with reduced antimicrobial peptide production and mucosal inflammation [17] [18] [19] .
Paneth cell-derived defensins are mainly regulated at a posttranscriptional level [20, 21] . Degranulation of the peptide-containing vesicles and release into the crypt lumen appear to play a critical role, but this issue is still incompletely understood [1, 22, 23] . Both cholinergic stimulation and innate immune receptor stimulation by exposure to several microbial constituents have been suggested to induce antimicrobial peptide release [20, [23] [24] [25] [26] . In the present study we have extended these studies and systematically tested a number of microbial innate immune receptor ligands and endogenous immunological mediators with documented biological activity at the intestinal mucosa using an ex vivo model of small intestinal antimicrobial peptide secretion. Our results provide firm evidence that in addition to neurogenic and microbial stimuli, the endogenous mediators interleukin(IL)-4 and IL-13 stimulate Paneth cell degranulation and antimicrobial peptide release extending the list of biological functions of these cytokines.
Materials and Methods

Reagents
Endotoxin-free recombinant mouse IL-4, IL-13, IL-15, IL-22, IFN-γ and IL-28 (IFN-λ) was purchased from Peprotech (Rocky Hill, N.J., USA). Escherichia coli ultrapure Dm31 lipopolysaccharide (LPS) was obtained from List Biological Laboratories (Denver, Colo., USA) and stimulatory CpG Oligo 1668 with the sequence 5 ′ -TCCATGACGTTCCTGATGCT-3 ′ from Eurofins MWG Operon (Ebersberg, Germany). Other reagents such as atropine, carbachol, wortmannin, Ly294002, poly(I:C) and synthetic muramyl dipeptide (MDP) were purchased from Sigma (Taufenkirchen, Germany) if not stated otherwise.
Ex vivo Mucosal Antimicrobial Peptide Release Assay
C3H/HeN mice were purchased from Charles River Breeding Laboratories (Wilmington, Mass., USA), housed under specific pathogen-free conditions, and treated in accordance with the local animal protection legislation (Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit Oldenburg, 10/0143 and 12/0822). Animals were euthanized and small intestinal tissue was removed. Intestinal crypts were isolated as recently described [27] and incubated in the absence or presence of 100 μ M of carbachol for 30 min. Cell-free supernatant of untreated and carbachol-treated crypts was used in an antibacterial activity assay (see below). In addition, it was lyophylized, extracted in icecold 60% aqueous acetonitrile containing 1% trifluoroacetic acid and centrifuged at 11,000 g for 20 min. Supernatants were freezedried and redissolved in 20% ethanol. Matrix-assisted laser desorption-ionization time-of-flight mass spectrometry analysis was carried out with a Reflex III (Bruker Daltonics, Leipzig, Germany) [28] . The detection of prodefensins/pro-CRS peptides indicates secretion also of non-marker matrix metalloproteinase 7 (MMP7)-processed peptides. Prodefensins/pro-CRS peptides appear to be more readily detected by mass spectrometry as compared to mature defensins/CRS peptides and might be overrepresented in this type of analysis.
For the ex vivo Paneth cell release assay, ileal small intestinal mucosal tissue sections were flushed with PBS and mounted in Ussing chambers (World Precision Instruments Inc., Sarasota, Fla., USA) filled at the serosal and mucosal side with 0.5 ml of nonsupplemented RPMI1640. Carbachol (100 μ M ), carbachol plus atropine (1 m M ), microbial stimuli (concentration as indicated) or endogenous mediators (10 ng/ml) with or without wortmannin (0.5 μ M ) or Ly294002 (50 μ M ) were added to the mucosal tissue surface and incubated for 45 min at 37 ° C. Mucosal fluid was removed and stored at -80 ° C. Antibacterial activity was measured using the indicator strain Bacillus megaterium 11 (Bm11) [29] . Bm11 was grown overnight in Luria broth (LB), washed, diluted 1: 20 in RPMI1640 supplemented with 10% LB and cultivated at 37 ° C. After reaching an optical density (OD 600 ) of 0.6, bacteria were diluted 1: 3 in RPMI. Mucosal supernatants at the indicated dilution and 10 μl of Bm11 suspension containing 10 4 CFU were filled with RPMI1640 to a total volume of 100 μl in triplicates. After incubation for 30 min at 37 ° C, the number of viable bacteria was determined by serial dilution and plating on LB agar plates. CFU are expressed as the percent of the initial bacterial inoculum (×10 4 ) recovered after incubation with the supernatant at the indicated dilution. Variation in the background antibacterial activity of individual animals required the simultaneous analysis of stimulated and nonstimulated tissue from the same animal and the measurement of antibacterial activity at different dilutions. This comparative approach allowed the characterization of the stimulatory potential of a given agent examined. Representative results from 3-12 individual experiments are shown in figure 1 , 2 and 3 .
Immunostaining and Immunoblot
Mice were injected with PBS or IL-13 (300 ng per mouse) in 500 μl of PBS i.p. After 15 and 30 min, the animals were euthanized, ileal small intestinal tissue was removed and fixed in formaldehyde. Antigen retrieval in deparaffinized formaldehyde-fixed tissue sections was performed by boiling in 0.01 M sodium citrate buffer (pH 6.0). For cryptdin staining, slides were blocked with normal goat serum (Jackson ImmunoResearch, Newmarket, UK) and stained with anti-cryptdin 2 antiserum in combination with a Cy3-conjugated goat anti-rabbit antibody [29] . Due to the high sequence identity of most cryptdin family members, the antibody employed most probably detects several cryptdin family members. Approximately 400 Paneth cells lining the circumference of four individual ileal small intestinal tissue sections were visually analyzed for granularity. Rabbit anti-lysozyme P antiserum (1: 250; DakoCytomation, Glostrup, Danmark) was incubated for 1 h at room temperature and detected using a TR-conjugated anti-rabbit secondary antibody (1: 50; Jackson ImmunoResearch). Phosphorylated Akt was stained using a rabbit anti-phospho-Akt antibody (1: 25; Cell Signaling Technology, Danvers, Mass., USA) overnight at 4 ° C in combination with a Cy3-conjugated goat anti-rabbit secondary antibody (1: 500). For MMP7 staining, flow cytometrically 
Dilution factor
Control CpG sorted CD24-positive intestinal epithelial cells were blocked with normal donkey serum (Jackson ImmunoResearch) and stained with 1: 50 diluted goat polyclonal antibodies against MMP7 (R&D Systems, Wiesbaden-Nordenstadt, Germany) in combination with a Cy3-conjugated donkey-anti-goat secondary antibody (Jackson ImmunoResearch). Sorted cells were stained for lysozyme as described above. A mouse monoclonal anti-E-cadherin antibody (BD Bioscience Pharmingen, Heidelberg, Germany) followed by the appropriate AF488-conjugated secondary antibody (Molecular Probes, Jackson ImmunoResearch), FITC-labeled wheat germ agglutinin or FITC-conjugated phalloidin was used for counterstaining. Slides were mounted in DAPI containing Vectashield (Vector) and visualized with an ApoTome-equipped Axioplan 2 microscope connected to an AxioCam MR digital Camera (Carl Zeiss MicroImaging Inc., Göttingen, Germany). m-IC cl2 cells were cultured as recently described [27] . A rabbit-anti-phospho-STAT6 (Tyr641) polyclonal antibody (Cell Signaling Technology, Beverly, Mass., USA) and an anti-β-actin antibody (N-terminal domain; SigmaAldrich, Taufenkirchen, Germany) were used in combination with peroxidase-labeled goat-anti-mouse or goat-anti-rabbit secondary antibodies (Jackson ImmunoResearch). Detection was performed using peroxidase-labeled goat-anti-rabbit secondary antibodies (Jackson ImmunoResearch) in combination with an ECL kit (Amersham Bioscience, Amersham, UK).
Flow Cytometry
Intestinal epithelial cells were prepared as described before [27] . In brief, small intestinal tissue was inverted and incubated in 0.3 M EDTA at 37 ° C for 10 min. Subsequently, the epithelium was removed in large cell aggregates by mechanical sharing and epithelial crypts were separated at 4 ° C from epithelium-associated leukocytes and enriched from villus epithelial cells by repeated differential sedimentation at 1 g . For flow cytometry, epithelial cells were trypsinized, filtered and stained for E-cadherin and CD45 using an APC-conjugated anti-E-cadherin (Abcam, Cambridge, UK) and a FITC-labeled anti-CD45 antibody (BD Bioscience) to demonstrate cell purity. Epithelial cells were >96% E-cadherin + (not shown) and <2% CD45 + (data not shown). Approximately 4-6% stained SSC hi CD24 hi using a PE-conjugated anti-CD24 antibody from eBioscience (San Diego, Calif., USA). SSC hi CD24
hi cells stained positive for lysozyme P by flow cytometry. Immunofluorescence staining of sorted SSC hi CD24 hi cells revealed expression of the Paneth cell marker MMP7 and lysozyme following the protocol described above. Additionally, SSC hi CD24 hi cells were stained using a PE-conjugated anti-mouse IL-13Rα1 (CD213a1, clone 13MOKA) antibody (eBioscience) after being blocked by a mouse BD Fc Block TM (BD Bioscience Pharmingen) or the supernatant from 2.4G2 hybridoma. Flow cytometry was performed using a FACSCalibur or FACSCanto (Becton Dickinson, Franklin Lakes, N.J., USA) and analyzed with CellQuest TM or FlowJo software. FACS sorting was performed at the flow cytometry core facility of Hannover Medical School.
Statistical Analysis
Results are expressed as means ± SD, and are representative of at least three independent experiments for each of the experimental conditions tested. Differences were analyzed with the unpaired Student t test and the two-way ANOVA test. p < 0.05 or < 0.01 was considered significant or highly significant, respectively.
Results
Muscarinic Receptor Activation Stimulates the Release of Antibacterial Activity and Paneth Cell-Derived Antimicrobial Peptides from Murine Intestinal Tissue
In order to investigate the potential of endogenous and exogenous stimuli to induce the release of antimicrobial peptides by enteric Paneth cells, an ex vivo model of mucosal small intestinal tissue was established. Ileal intestinal tissue was obtained from healthy 6-to 8-weekold C3H/HeN mice. The visceral peritoneum was removed and the specimen was placed into an Ussing chamber allowing exposure of the serosal or mucosal surface with various stimuli and the analysis of luminal secretion of antibacterial activity. Medium was harvested 45 min after stimulation and analyzed for antibacterial activity using a bactericidal assay with the indicator strain Bm11 at various dilutions [28] . Although a certain variation in the degree of antibacterial activity released spontaneously or after stimulation from mucus tissue obtained from different mice was noted, this method allowed the identification of stimuli of Paneth cell release in an in situ setting. Addition of the parasympathomimetic carbachol led to a significantly increased antibacterial activity as compared to the untreated control tissue (8 out of 10, 8/10, experiments; fig. 1 a) . The specificity of the carbachol stimulus on the muscarinic receptor was confirmed using the muscarinic inhibitor atropine. Addition of atropine prior to carbachol stimulation significantly (p < 0.01) reduced the secreted antibacterial activity (9/12 experiments; fig. 1 b) . Additionally, the composition of the secreted antimicrobial peptides by carbachol stimulation was analyzed by mass spectrometry. Due to the minute quantities of supernatant obtained from Ussing chambers, 2-3 × 10 3 isolated small intestinal crypts were incubated in the presence of carbachol and the cell-free supernatant containing significant antibacterial activity was analyzed by mass spectrometry ( fig. 1 c) . As expected, a number of prominent Paneth cell-derived antimicrobial peptides such as mature α-defensin 2 or 3 and dimers of the CRS peptide CRS4C were identified in tissue supernatant after carbachol exposure in accordance with induced antimicrobial peptide release ( fig. 1 d) . Of note, MALDI-TOF spectra reveal an incomplete antimicrobial peptide spectrum due to differences in their ability to be released from the matrix.
MDP but Not LPS, poly(I:C), CpG DNA, IL-15, IL-22, IL-28 or IFN-γ Induce the Release of Antibacterial Activity
Several microbial constituents have previously been reported to induce Paneth cell-mediated antimicrobial peptide secretion. Using our ex vivo assay for the release of antibacterial activity from mucosal small intestinal tissue, we next tested the stimulatory activity of microbial stimuli such as the peptidoglycan motif MDP, the ligand of the nucleotide-binding oligomerization domain (Nod2) receptor, as well as LPS, poly(I:C) and hypomethylated CpG DNA, and ligands of the Toll-like receptor (Tlr) 4, 3 and 9, respectively. Among the microbial stimuli tested, only MDP reproducibly enhanced the mucosal antibacterial activity (8/12 experiments; fig. 2 a) . No significant increase was found after exposure to LPS (0/7 experiments; fig. 2 b) , poly(I:C) (0/3 experiments; fig. 2 c) or CpG oligonucleotides (0/6 experiments; fig. 2 d) .
Next, endogenous immune mediators involved in intestinal mucosal host defense and homeostasis were tested. Several cytokines such as IL-15, IL-22, IL-28 (IFN-λ) and IL-4 as well as IL-13 are known to significantly contribute to epithelial barrier integrity and antiviral, antibacterial and antiparasitic host response [30] [31] [32] [33] . No increase was noted after stimulation with IL-22 (0/6 experiments; fig. 2 fig. 2 
h).
Paneth Cell Degranulation Is Induced by IL-13 and IL-4
Strikingly, a significant release of antibacterial activity was noted after mucosal exposure to IL-4 (7/12 experiments; fig. 3 a) or IL-13 (8/12 experiments; fig. 3 b) . No direct antibacterial activity of IL-13 against the antimicrobial peptide-sensitive indicator strain Bm11 was observed ( fig. 3 c) as previously described for chemokines [34] . The high-affinity IL-13 receptor composed of the IL-13Rα1 and IL-4Rα chain binds both IL-4 and IL-13, and transduces signals through the signal transducer and activator of transcription (STAT)6 via Jak kinases. IL-13Rα1 and IL-4Rα expression as well as IL-13-induced STAT6 phosphorylation have previously been observed in primary intestinal epithelial cells and small intestinal epithelial m-IC cl2 cells (online suppl. fig. 1D ; for all online suppl. material, see www.karger.com/doi/10.1159/000357644) [35] . Additional signaling pathways induced by the IL-13 receptor include the phosphatidylinositol 3-kinase (PI3K). IL-13-induced PI3K activation has been described in gut epithelial cells and associated with degranulation in other cell types such as mast cells and pancreatic β-cells [36] [37] [38] [39] . Indeed, IL-13 stimulation in the presence of the PI3K inhibitors Ly294002 (p < 0.01; 2/3 experiments; fig. 3 d) or wortmannin (3/5 experiments; p < 0.01; fig. 3 e) was significantly impaired. Paneth cell granules stain positive for cryptdin 2, a prominent α-defensin in C3H/HeN mice. Cryptdin 2 immunostaining was therefore used to determine IL-13-induced Paneth cell degranulation. Following i.p. administration of 300 ng of IL-13 per animal, a marked reduction of cryptdin 2-positive granules was detected ( fig. 4 a) . Staining of small intestinal tissue sections with antibodies against lysozyme P and the lectin wheat germ agglutinin confirmed the anatomical localization of secretory Paneth cells ( fig. 4 b) . Quantitative analysis indicated that i.p. IL-13 administration induced a significant (p < 0.05) reduction of granulated Paneth cells 30 min after i.p. administration in accordance with an IL-13-mediated secretion of Paneth cell antimicrobial peptides ( fig. 4 c) .
Primary Paneth Cells Express the IL-13 Receptor IL-13Rα1
The functional role of IL-13 for mucosal host response, namely for antiparasitic defense and worm expulsion, has widely been studied [40] . Its potential influence on Paneth cell function, however, has not been investigated. Likewise, it is unclear whether Paneth cells express the IL-13 receptor. Since immunohistological staining of small intestinal tissue sections with an anti-IL-13Rα1 antiserum revealed no clear result, flow cytometric analysis of Paneth cells was established following a recently reported staining strategy [41] . Crypt epithelial cells were isolated [27] , trypsinized and stained for E-cadherin and CD24 following the protocol described. A significant fraction of crypt epithelial cells (5-6%) stained positive for CD24 by flow cytometry ( fig. 5 a; online suppl. fig. 1A ). CD24 hi cells stained negative for CD45 (online suppl. fig. 1B ) but positive for the Paneth cell marker lysozyme (online suppl. fig. 1C ). To confirm the specificity, E-cadherin + and CD24 hi cells were flow cytometrically sorted and immunohistologically stained for expression of lysozyme as well as the proteolytic enzyme and Paneth cell MMP7 ( fig. 5 b) [9] . Subsequent immunostaining with an anti-IL-13Rα1 antibody and flow cytometric analysis of CD24 hi cells confirmed IL-13 receptor expression by Paneth cells ( fig. 5 c) .
IL-13Rα1 receptor-mediated signaling in intestinal epithelial cells induces phosphorylation of STAT6 (online suppl. fig. 1D ) [35] and via PI3K of the downstream protein kinase B (Akt). To confirm direct IL13Rα1-mediated signaling also in primary Paneth cells, mice were treated with 300 ng of IL-13 or PBS i.p. Thirty minutes after stimulation, animals were sacrificed and the small intestinal tissue was embedded for histological analysis. Immunostaining for phosphorylated Akt confirmed enhanced staining of Paneth cells in mice after IL-13 treatment ( fig. 5 d) . These results indicate that Paneth cells express the IL-13 receptor IL-13Rα1 and stimulate PI3K-dependent signal transduction upon IL-13 exposure in vivo in accordance with a direct functional role of IL-13 in Paneth cell degranulation.
Discussion
More than 20 years ago, Satoh [22] observed enhanced numbers of electron-dense granules in Paneth cells after administration of the muscarinic receptor antagonist atropine, suggesting a role of the parasympathetic nerve stimulation for Paneth cell degranulation. Since then, a role of parasympathetic stimulation for the release of α-defensins has been confirmed [20, 24, 25] . In addition, innate immune receptors such as Toll-like receptors (Tlr) and the nucleotide-binding oligomerization domain (Nod)2 receptor have been implicated in Paneth cell degranulation. Ayabe et al. [20] reported rapid release of cryptdin-mediated antibacterial activity from isolated crypts in response to LPS and lipid A (both ligands of Tlr4), MDP (ligand of Nod2), lipoteichoic acid (ligand of Tlr2) similar to whole Gram-positive or Gram-negative bacteria. Strikingly, Tanabe et al. [25] observed LPS and lipid A-induced antimicrobial activity release even in Tlr4 defective C3H/HeJ mice. The effect of MDP is consistent with a marked reduction in Paneth cell antimicrobial peptide expression in Nod2-deficient mice associated with enhanced susceptibility to Listeria monocytogenes infection reported by another group [42] . Interestingly, intact Nod2 signaling appears to be required to maintain the enteric microbiota [43] . Rumio et al. [23, 26] additionally demonstrated Paneth cell degranulation following Tlr9 and Tlr3 stimulation associated with protection from Salmonella infection. Although these findings have not been confirmed, Tlr9 signals via the Tlr adaptor protein MyD88, and could thus have contributed to the preserved mucosal barrier formation in Paneth cell-specific MyD88-expressing mice [4] .
In the present study we identified the first endogenous immune mediators, IL-4 and IL-13, to induce Paneth cell degranulation. Although we did not formally exclude indirect stimulation, the rapid kinetic of Paneth cell degranulation and release of antibacterial activity upon cytokine administration and the expression of the IL-13Rα1 chain on Paneth cells are highly suggestive of a direct cytokine-mediated effect. Binding of both IL-4 and IL-13 to the so-called type II IL-4 receptor suggests similar downstream effects upon receptor interaction. In the lamina propria, large amounts of IL-13 are produced by adaptive CD4 + Th2 lymphocytes and the recently discovered type 2 innate lymphoid cells [44] [45] [46] . Also, other cell types such as eosinophils, basophils, mast cells, natural killer cells and natural killer T cells have the capacity to produce IL-13. IL-13 production by type 2 innate lymphoid cells was shown to be enhanced by gut epitheliumderived signals such as IL-25 (IL-17E), IL-33 and thymic stromal lymphopoietin in response to mucosal infection or inflammatory stimuli [45, 47] . Thereby, a purely innate signal loop involving epithelial immune recognition triggered IL-13 secretion by innate lymphoid cells and Paneth cell degranulation might exist and protect the epithelial barrier from microbial insult. Alternatively, adaptive Th2 lymphocytes cause enhanced IL-13 production, e.g. during helminth infection that significantly contributes to worm expulsion [30] . Helminth infection has been associated with Paneth cell hyperplasia also in the absence of IL-4, and a striking correlation between Paneth cell hyperplasia and the extent of the elicited Th2 response has been noted [48] [49] [50] . It is therefore tempting to speculate that the Paneth cell hyperplasia observed under these circumstances might arise as a consequence of sustained IL-13 stimulation [48, 49] . Indeed, Paneth cell hyperplasia was also observed after repeated IL-9 administration acting in an IL-13-dependent manner [51] . IL-13-induced enhancement of Paneth cell-derived antimicrobial peptide secretion might further explain the lack of inflammation in epithelium-specific IL-13 transgenic mice as suggested by Mannon and Reinisch [47] . The simultaneous stimulation of Paneth cell degranulation and mucus secretion is in accordance with the described enrichment of antimicrobial peptides within the mucus layer and its proposed function as a physico-chemical barrier [52] . Finally, IL-13 has been shown to control inappropriate IL-17 effects and protect from colitis injury [53] . In contrast, Th1-mediated inflammatory conditions such as Crohn's disease counteract elevated IL-13 expression levels. In accordance, a marked reduction in Paneth cells and Paneth cell antimicrobial peptide production has been noted in Crohn's disease patients [13, 14, [17] [18] [19] .
Several technical difficulties are encountered when investigating stimulatory agents for the release of antibacterial activity from mucosal tissue samples and these difficulties might explain differences between published reports and the current study [20, 23, 25] . The method employed, e.g. the use of isolated crypts versus intact mucosa, might significantly influence the results obtained. We feel that the use of an intact tissue sample with an intact anatomical tissue organization in combination with ligand exposure of the mucosal surface most closely resembles the situation in vivo. However, we detected antimicrobial peptide secretion also from highly enriched crypt preparations in response to carbachol. In contrast, no release was observed after stimulation of isolated crypts (data not shown) or intact tissue with LPS [20, 25] . This questions a previous report on LPS-induced peptide secretion by crypts isolated from Tlr4-defective C3H/HeJ mice [25] . Also, stimulatory agents might act directly or indirectly, i.e. stimulate other cell types that in turn activate Paneth cells. The release of antimicrobial peptide-containing mucus from the crypt lumen might thereby contribute to an increase in antibacterial activity [52] . In addition, the transcriptional upregulation of the antimicrobial protein RegIIIγ by Paneth cells or enterocytes might account for antibacterial activity after prolonged incubation [4] . Finally, differences in the antimicrobial peptide production between mouse strains, the possibility of distinct granule types and granule-specific release mechanisms, and technical limitations to assign antibacterial activity to the presence of antimicrobial peptides make this kind of analysis technically challenging [29] . The demonstration of a rapid increase in IL-13-induced PI3K-dependent antibacterial activity, the confirmation of IL-13Rα1 expression on Paneth cells and the visualization of cryptdin 2-positive vesicle degranulation provides strong evidence that IL-13 represents a direct endogenous mediator of Paneth cell antimicrobial peptide release. In accordance, IL-13 and downstream PI3K signaling have previously been implicated in the granular release of pancreatic β-cells and mast cells [37] [38] [39] . Our own attempts to demonstrate a beneficial effect of IL-13 administration on bacterial infection failed to reveal a significant reduction in bacterial organ counts. This might, however, be explained by the stimulation of antimicrobial peptide release by additional pathways such as stimulation of Nod2 or local production of acetylcholine under inflammatory conditions. Further investigations are thus required, to characterize the functional role of IL-13-mediated Paneth cell secretion in vivo.
In conclusion, we have identified a novel role of IL-13 as a potent inducer of small intestinal Paneth cell degranulation and antimicrobial peptide release. IL-13 secretion by cells of the innate or adaptive immune system might thus contribute to provide antimicrobial protection, reinforce the mucosal barrier and maintain host-microbial homeostasis. The described effect might contribute to the clinical success of helminth therapy in patients with Crohn's disease [54] . On the other hand, reduced mucosal IL-13 levels in the absence of continuous Th2-mediated immune stimulation due to improved hygiene conditions and a lower prevalence of helminth infections in industrialized countries might lead to alterations in the enteric microbiota, particularly of the infant population, and in turn predispose to inflammatory and autoimmune diseases [55, 56] .
